Abstract-We propose a theoretical model of reflective modulators for a seeded dense wavelength-division multiplexing (DWDM) system based on amplified spontaneous emission light. A travellingwave amplifier model is modified to take into account the finite front-facet reflectivity. The net gain and phase shift are updated at every round trip of the cavity to have complex gain for the injected field. With the proposed model, we calculate side-mode suppression ratio, gain, relative intensity noise suppression as a function of injection power, and wavelength detuning for antireflection-coated Fabry-Perot laser diodes. We also investigate the performance of the seeded DWDM system by using the model. The simulation results match well with the experimental results.
operation, and the viability of giga-bit transmission of each subscriber [4] , [5] .
Note that a dense wavelength-division multiplexing (DWDM) system including the WDM-PON based on injection seeding technology became an international standard of International Telecommunication Union Telecommunication Standardization Sector (ITU-T). The ITU-T Recommendation G.698.3 specifies optical interfaces of a 1.25 Gb/s x 32 channel system [6] . Seed light from the head end is injected to multiple tail ends. Each tail end is equipped with a reflective modulator, such as a FabryPerot laser diode (F-P LD) or a reflective semiconductor optical amplifier (RSOA) to provide color-free or colorless operation.
It has been recognized that the performance of a DWDM system (or DWDM-PON) with ASE seeding is limited by the ASE-ASE beating noise arising from the spectrum slicing of the incoherent light [7] [8] [9] . In addition, there is a variety of systemrelated impairments, such as a complex noise evolution and back reflections [10] [11] [12] [13] [14] . Such limiting factors can be overcome to some degree by the help of noise suppression and amplification with the reflective modulator. Thus, a reflective modulator plays a key role in determining the system performance in terms of total capacity (data rate per channel × channel counts) and/or transmission distance. To understand the system's physical properties and analyze its performance, a multimode rate equation was utilized [15] . However, the result is not reliable when the injection wavelength is located between lasing modes.
In this paper, we propose a simple theoretical model of the reflective modulator for the seeded DWDM system. A travellingwave amplifier model was modified to take into account the finite reflectivity of the front facet of the reflective modulator [16] . At every round trip of the cavity, the round-trip net gain and phase shift are updated to include boundary conditions. Using this model, we investigated the amplification and noise suppression with respect to various conditions. Also, we examined the noise evolution via optical link as well as back-reflectioninduced penalties. The experimental results match well with the simulation results.
The remainder of this paper is organized as follows. In Section II, we briefly introduce the architecture of the seeded DWDM system. In Section III, we explain the numerical generation of the spectrum-sliced ASE as well as the proposed model of the reflective modulator. Based on the model, in Section IV, we provide the analysis results, such as gain, noise suppression, noise increase, and back reflections.
II. ARCHITECTURE OF SEEDED DWDM SYSTEM
The structure of the seeded DWDM system based on ASE light is shown in Fig. 1 . In upstream transmission, ASE light from the C band broadband light source (BLS) at an optical line terminal (OLT) is delivered to several transmitters at the optical network terminals (ONTs). The optical spectrum of ASE is filtered by the arrayed waveguide grating (AWG) at the remote node (RN). Then, the spectrum-sliced ASE is injected to the reflective modulator that performs modulation, amplification, and noise suppression at the same time. The output light from the reflective modulator is transmitted to the receiver at the OLT in the opposite direction to the seed light.
III. THEORETICAL MODEL

A. Spectrum-Sliced ASE
The complex field of ASE light from the BLS is given by
where |E x,y ASE (ω)| is the constant amplitude in the frequency domain and φ x,y is a random phase that is uniformly distributed at [0-2π]. The superscripts x and y stand for polarization of the field. For simplicity, we omitted the optical carrier term under a slowly varying envelope approximation. The field of spectrumsliced ASE can be obtained by multiplying the square root of the AWG transfer function (H
The AWG has a passband of a super-Gaussian filter:
where Δω AWG is the 3 dB bandwidth of the AWG and n is the filter order. The intensity fluctuation induced by the beating between uncorrelated frequency components of the spectrumsliced ASE can be modeled with the relative intensity noise (RIN). Given that the power spectral density is S E (ν), the RIN of the filtered ASE can be calculated as
where P o is the optical mean power of the spectrum-sliced ASE.
B. Theoretical Model of Reflective Modulator
Fig . 2 shows the simplified structure of the reflective modulator that consists of a gain medium for amplification between (6) where R x,y 2 , g avg , C pol , n, L, and c are the reflectivity of mirror 2, the average round-trip gain for the field, the polarizationdependent gain (PDG) coefficient, the group index of the gain medium, the cavity length, and the speed of light, respectively. The field in the forward direction at mirror 1 can be expressed as the sum of the reflection of E x,y ω ,− (0) and the injected field:
Given that the input field is a spectrum-sliced ASE, the initially injected field (at t = 0 and z = 0) can be expressed in the frequency domain as
From (6)- (8), the electric field after the kth round trip (at t = kτ R and z = 0) can be obtained as shown in (9) . Here, τ R , α, and G m are the round-trip time, the linewidth enhancement factor, and the gain envelope, respectively. The gain envelope was assumed to have the Lorentzian profile:
where ω peak and Δω 3 dB mean the center frequency and the 3 dB bandwidth of the gain envelope, respectively. To obtain the average round-trip gain (g avg ) for field E x,y ω ,+ (0), the gain evolution (h) in the time domain for the given intensity (|E
was averaged over a round trip. The gain h in the time domain was calculated as in (11), where Δτ, y, E t (τ ), P sat , and τ c mean the sampling period, the normalized modulation signal, the field in the time domain, the saturation power, and the carrier lifetime, respectively. Provided that y is y 1 when the modulation signal is "1" level, and y 0 when the modulation signal is "0" level. y 1 is always 1 while y 0 is less than 1. In this case, the extinction ratio is determined by the ratio of y 1 and y 0 . As a result, the pump gain becomes modulated, determining the extinction ratio (ER). Finally, from (5), the output fields were obtained as given in (12) . In (12), F −1 [ ] stands for the inverse Fourier transform. In this case, the first term of the right-hand side in (5) was negligible compared to the second term due to the low reflectivity of mirror 1 (R x,y 1 ) and coupling loss. The effects of the finite reflectivity of both the front and back facets were taken into account for field evolution in a round trip. The polarization dependency of the gain is characterized as C pol .
As explained in (9), the electric field at the kth round trip is a weighted sum of the electric fields from the initial value to the (k-1)th round trip. Therefore, the weighting factor, i.e., the round-trip net gain, should guarantee a convergence after a large number of round trips. When the reflective modulator is biased below the lasing threshold, the round-trip net gain is below unity. Thus, we do not have convergence issues. When the reflective modulator is biased above the threshold, however, it is not easy to always achieve convergence because the round-trip net gain can be close to unity for lasing. However, when we have injection light, the gain is depleted from the lasing threshold. Then, convergence is guaranteed again. In other words, the proposed model works properly for injection-seeded system, regardless of the bias condition of the reflective modulators. Note that the closed-loop gain in the results in this paper was less than 0.8 in most cases.
IV. ANALYSIS RESULTS
A. Gain Saturation
The proposed model was used to analyze the characteristics of the reflective modulator. We also performed an experiment to confirm the proposed model. In the numerical analysis, we generated 2 17 field samples with 2 7 pseudorandom binary sequence (PRBS). Thus, the sample number within a one-bit period was 2 10 . Considering the 1.25 Gb/s nonreturn-to-zero (NRZ) data, the sampling period and sampling frequency were 0.78 ps and 9.78 MHz, respectively. An unpolarized F-P LD was employed for the study, and the driving current was 45 mA [5] . For the optical filters, flat-top-type AWGs with 100-GHz channel spacing (bandwidth of 80 GHz or 0.64 nm) were utilized. In the simulation, the order of the super-Gaussian filter was adjusted to 1.5 to match the measured passband characteristic. The used parameters for simulation of the F-P LD are listed in Table I . Fig. 3 shows the simulated and measured optical spectra of ASE, spectrum-sliced ASE, and the output field from the F-P LD when the injection power was -10 dBm and detuning (= λ Injection − λ Mode ) was about 0.3 nm. The simulation results agree well with the measured spectra. Spectral ripples were observed at the main modes and the side modes due to the effect of the cavity. As the injection power increases, the side-mode suppression ratio (SMSR) increases as can be seen in Fig. 4 since the injection effect increases.
The calculated and/or the measured round-trip net gain, fiberto-fiber gain (F-t-F gain), and corresponding PDG are shown in Fig. 5 . These values were calculated and/or measured at the output of the F-P LD. To obtain the meaningful signal light only, the side modes and/or background emission were filtered out by an optical bandpass filter (OBPF) of which the bandwidth was about 160% of the AWG bandwidth. The filter response of the OBPF was an ideal flat-top profile with a very sharp roll-off at the filter edges.
The round-trip net gain was maintained below 0.8 above -25 dBm injection power, meeting the convergence condition for the weighting factor. Also, as expected, it decreased when the injection power increased due to the carrier depletion in the gain medium. Consequently, F-t-F gain and PDG decreased [5] . 
B. RIN Suppression
The RIN of the injected field is suppressed by the gain saturation effect shown in Fig. 5. Fig. 6 shows the RIN spectra of the spectrum-sliced ASE and the output field of the F-P LD. The injection power and wavelength detuning were -10 dBm and 0.3 nm, respectively. With the flat-top AWG with 100-GHz channel spacing, the input RIN was about -110 dB/Hz [17] . The RIN suppression was about 10 dB at dc and 5 dB at 1.5 GHz. The RIN difference between the simulation and experiment in the high-frequency region comes from the frequency response of the avalanche photodiode (APD) used.
We measured and calculated the average RIN as a function of the injection power, and detuning as shown in Fig. 7 . The average range was from dc to 750 MHz considering 1.25 Gb/s transmission. At a low injection power, the F-P LD operation is similar to that of laser, and the RIN value outweighs the input RIN (-110 dB/Hz) because the mode partition noise is generated as a result of the main-mode filtering by the OBPF. As we increase the injection power, the RIN decreases (or the noise suppression increases). At injection power levels higher than -20 dBm, the RIN values decrease below -110 dB/Hz. The gain-saturated F-P LD leads to interactions between various spectral components of the input ASE light. As a result, the output light becomes nonthermal. To be specific, in response to the variation in the intensity of a single spectral component, the gain is inversely modulated to suppress the intensity fluctuation. Therefore, all the other spectral components are modulated inversely to the single spectral component. This phenomenon occurs to all of the spectral components, leading to anticorrelation between various spectral components of the output light [11] . The maximum and minimum noise suppressions are determined according to the wavelength detuning. When the input light is injected between two modes of the F-P LD, the noise suppression becomes maximal because the optical spectrum broadens due to the mode features. On the contrary, the peak injection (zero detuning) minimizes the noise suppression. This is valid for the comparable mode spacing of the F-P LD to the bandwidth of the spectrum-sliced ASE.
C. RIN Degradation
The noise-suppressed optical output from the F-P LD passes through two AWGs and optical fibers to get to the receiver regardless of the transmission direction as shown in Fig. 1 . When the optical signal goes through the AWG, some spectral components are filtered out, which results in the breaking of the anticorrelation between the spectral components as well as a decrease in the spectral width. Consequently, the intensity fluctuation, concretely the RIN, increases again, and this is called the filtering effect [12] .
Based on the proposed model, we investigated the RIN degradation caused by the filtering effect in the ASE injection-seeded DWDM system. As shown in Fig. 8 , the RIN increment due to the filtering effect increases as the ASE injection power increases. The details of the filtering effect depend on the output spectral shape of the F-P LD. The spectral shape is a function of many parameters, such as the wavelength detuning, the injection power, and mode properties or cavity parameters of the reflective modulator. It is obvious that the RIN degradation increases as more spectral components are filtered out. For example, if mode peaks remain within the AWG passband, the filtering effect is small. However, if one of the mode peaks is located at the edge of the AWG passband, the power loss due to the filtering effect increases and the RIN increment becomes larger. In addition, there is mode partition noise when the injection power is low.
As well as the degradation of the signal quality due to the filtering effect, the RIN is also increased by chromatic dispersion when the optical signal propagates along the optical fibers (feeder and drop fibers). The dispersion gives rise to the breaking of the anticorrelation due to the different propagation velocity (or phase) of each spectral component. This is called phase decorrelation [10] [11] [12] . Phase decorrelation makes the noise of "1" level signal increased in priority at high frequencies. This was investigated through simulation and experiment, as shown in Fig. 9 . The bandwidth of the output from the F-P LD after passing through the OBPF was about 85.5 GHz (0.69 nm), and the dispersion value of the fiber was 17 ps/(nm·km). The RIN of the transmitted optical signal deteriorates as the cumulative dispersion increases, and the scale of the degradation also increases as the injection power increases. 
D. Back Reflections
In the DWDM system based on ASE injection seeding, there is intrachannel crosstalk (or in-band crosstalk) that generates interference between signal light and the back-reflected light in most cases. This is one of the most serious impairments because the injection light and signal light occupy the same wavelength and propagate in opposite directions. The back reflections, which have various origins, are generated by Rayleigh back scattering (RBS) in the optical fiber and some imperfect connections at optical connectors or splicing points. The various routes are shown in Fig. 10 . Among them, back-reflected light in routes 2, 3, and 5 is suppressed by separating the wavelength band of up-and downstream with DWDM filters. The most significant ones are routes 1 and 6 in the upstream transmission and route 4 in the downstream transmission.
In the case of route 1, a portion (R BR−I ) of the seed light is reflected back mainly due to the RBS. We call this back reflection-I (BR-I) [13] , [14] . In addition, in the case of route 6, the modulated optical output from the reflective modulator is reflected back in the optical path (R BR−II ) and added to the injection light. Accordingly, the injection light becomes modulated and its power increases; this is called back reflection-II (BR-II) [13] , [14] . Because of BR-II, the output signal of the F-P LD has four levels.
We investigated the reflection effect on the 1.25 Gb/s upstream NRZ signal transmission based on the proposed model. The RIN of the optical signal without back reflections was -110 dB/Hz. The crosstalk levels causing the power penalty of 1 dB at the bit error rate (BER) of 10 −12 were about -10 and -3 dB in case of BR-I and II, respectively, as shown in Fig. 11 . In the case of BR-II, the modulated injection light is suppressed through the gain saturation of the reflective modulator. Note that the increased injection power due to BR-II makes the gain of the reflective modulator more saturated. In addition, the injection current that signifies "0" level with the ER suppresses the modulated injection light. As a result, the effect of BR-II on the optical signal is greatly reduced comparing to that of BR-I.
E. Reflectivity (R 1 ) Dependence of RIN
Front-facet reflectivity (R 1 ) is a key parameter of the reflective modulator that determines the RIN performance. Based on the proposed model, we investigated the R 1 dependence of the Table I . We also considered two different AWG bandwidths (40 and 80 GHz) to investigate the effects of injection bandwidth. The dashed and solid lines indicate the worst and best cases, respectively. R 1 of 0.001% means the RSOA where the spectral ripples are diminished. In this case, there is no difference between the best and worst cases. As R 1 increases, RIN difference arises, resulting in the best and worst RINs. It is worth noting that the best RIN is reduced as the R 1 increases, while the worst RIN is not. This is due to the fact that, in the best case, the RIN suppression is enhanced by the negative feedback at negative detuning [15] . Thus, this phenomenon can be more clearly seen when the bandwidth of injected light (40 GHz) is narrower than mode spacing (∼70 GHz). However, the RIN of the best case starts to increase at around reflectivity of 0.1%. It can be explained from increases of mode partition noise. These features can be understood as general features in ASE-seeded F-P LDs. However, details are dependent on the injection power, the bandwidth of the seed light, the mode spacing, etc.
V. CONCLUSION
In conclusion, we proposed a theoretical model of the reflective modulator for the seeded DWDM system based on ASE light. The model was based on the travelling-wave amplifier model. The boundary conditions were imposed by updating the field at every round trip. Using this model, the performance of the reflective modulator was analyzed in terms of SMSR, gain, and RIN suppression as functions of injection power and/or detuning is a 100-GHz channel spacing system. Based on the results, RIN increments due to the filtering effect and phase decorrelation were investigated. Also, the back-reflection-induced penalties were examined at 1.25 Gb/s signal transmission.
